HIGHLIGHTS
Transcription factor YY1 is shown to serve as master regulator of T cell exhaustion YY1 recruits Ezh2 histone methyltransferase to corepress IL-2 cytokine production Persistent signal 1+2 stimulation via p38MAPK/ JNK pathway promotes YY1 transcription
In vivo melanoma and HIV exhausted PD1+ T cells are confirmed for elevated YY1 and Ezh2
INTRODUCTION
The T cells of patients affected by malignancy or chronic viral infections become exhausted because of persistent antigenic stimulation (Zajac et al., 1998; Baitsch et al., 2011; Balkhi et al., 2015; Wherry and Kurachi, 2015) . Exhausted T cells have low proliferative capacity; express inhibitory checkpoint receptor molecules such as programmed death 1 (PD1), T cell immunoglobulin and mucin domain-containing protein 3 (Tim3), and lymphocyte-activation gene 3 (Lag3); and concurrently lose the ability to produce type I cytokines and kill antigenic targets (Baitsch et al., 2011; Balkhi et al., 2015) .
Our group previously observed that activation of T cells in vitro with two signals leads to abundant interleukin-2 (IL-2) production on initial antigen exposure, which abruptly declines on repeated stimulation with concomitant slowing of T cell proliferation (Emtage et al., 2008) . As a type I cytokine, IL-2 plays a pivotal role in clonal expansion and persistence of virus-and tumor-reactive T cells and in their effector activity (Rosenberg et al., 1985; Liao et al., 2013) . The demonstrated therapeutic benefit of exogenously supplemented IL-2 in humans and in model systems of cancer and infections is one indicator of this impact of exhaustion that hampers T cells' ability to generate this same effector molecule (Rosenberg et al., 1985; Blattman et al., 2003; Emtage et al., 2008; Lo et al., 2010; Liao et al., 2013) . Similarly, the effectiveness of antibodies against the checkpoint receptors to restore T cell function and generate clinical responses is additional testimony to the relevance of exhaustion to clinical disease (Barber et al., 2006; Nguyen and Ohashi, 2015) . Lastly, there has been an appreciation that a therapeutic synergy may be derived by concurrently addressing the two axes of cytokines and checkpoint receptors (West et al., 2013) .
Despite advances in the molecular and phenotypic characterization of exhausted T cells, the mechanisms underlying the initiation, progression, and maintenance of exhaustion are largely unknown. We exploited our in vitro observation of a depressed IL-2 response under repeated stimulation as a potential entré e to the exhaustion process to interrogate its molecular basis.
RESULTS

In Vitro Exhaustion Model
Exhaustion is an in-vivo-defined phenomenon. To study exhaustion experimentally, we sought an in vitro system to recapitulate the process. Building on our prior observations (Emtage et al., 2008) , we established a procedure whereby normal resting human T cells were continuously exposed to signal 1 + 2 with anti-CD3/CD28 beads, repeated at 2-day intervals, which was previously shown to stimulate and then lose the production of IL-2 ( Figure 1A ). This pattern of cytokine failure was confirmed in the current model for both IL-2 and interferon (IFN) g ( Figures 1B and S1 ). Upon repeated stimulation, CD4 and CD8 T cells also expressed markers of exhaustion, namely, checkpoint receptors PD1, Tim3, and Lag3, which progressively increased with each stimulation ( Figure 1C ). The cells maintained viability during these stimulations and sustained CD69 expression, a marker of T cell activation ( Figure S2 ). Marker progression was independent of IL-2 depletion, as the same results were obtained with 330 IU/mL of exogenously supplemented IL-2 ( Figure S3 ). Lastly, repeated stimulation of T cells with immobilized anti-CD3 or anti-CD28 antibody alone was insufficient to induce exhaustion (Figures S4A and S4B) , confirming a key distinction from other processes such as anergy in which isolated signal 1 is effective (Appleman and Boussiotis, 2003; Balkhi et al., 2015) . Taken together, this in vitro model mimics in vivo persistent stimulation of T cells entering into an antigen-rich environment and successfully recapitulates key features of the exhaustion phenotype. For economy of nomenclature/terminology, we provisionally denote such in vitro repeatedly stimulated T cells as ''exhausted,'' with the final judgment reserved for additional confirmations stated below.
YY1 Recruits Ezh2 to Repress IL-2
The IL-2 secretion pattern was paralleled in mRNA levels, starting high following activation and then declining ( Figure 1D ), and was also reflected in reporter assays using an IL-2 promoter construct in recurrently stimulated T cells ( Figure 1E ). To identify putative sites for transcription factor binding that could regulate IL-2 transcription during exhaustion, we performed an in silico analysis of the IL-2 promoter by searching the TRANSFAC database (Biobase). Several sites identified with high confidence were associated with transcriptional activation ( Figure S5 ). In contrast, the presence of a single YY1-binding site attracted interest because of its known potential for negative as well as positive regulation. This site was in close proximity to sites for the high mobility group protein 1 (HMG1) and TATA-binding protein, marking YY1 a strong candidate for IL-2 gene repression.
Yin Yang 1 (YY1) is a ubiquitous and multifunctional zinc finger transcription factor that regulates diverse cellular functions, including B cell development, proliferation, differentiation, and tumorigenesis (Gordon et al., 2006; Liu et al., 2007) . YY1 regulates both positively and negatively (whence the name yin-yang) after binding to the consensus sequence 5 0 -CCGCCATNTT-3 0 in the promoters of these genes (Thomas and Seto, 1999) . As a member of the polycomb group (PcG) proteins, YY1 may recruit and cooperate with other members of the complex that function as chromatin modifiers (Shi et al., 1997; Srinivasan and Atchison, 2004; Woo et al., 2013; Atchison, 2014) . Enhancer of zeste homolog 2 (Ezh2) is a component of the Polycomb Repressor Complex 2 (PRC2), one of two classes of PcG, and possesses histone H3-K27 trimethylation (HKMT) activity that can directly impede gene transcription (Caretti et al., 2004) , with prominent roles in B and T cell differentiation (Arvey et al., 2014; Gray et al., 2017) .
Western blotting confirmed marked increases in YY1 and Ezh2 protein with repeated stimulations in enriched CD4 ( Figure 2A ) and CD8 T cells (not shown). In contrast, the response from single stimulations did not recapitulate the pattern of protein increases over time, confirming the necessity of repeat stimulations for active product accumulation ( Figure 2B ; compare day 8 signals for 1-4 stimulations). Immunofluorescence confirmed high levels of YY1 and Ezh2 in repeatedly stimulated T cells compared with resting T cells ( Figure 2C ). No increase in expression of YY1 or Ezh2 was observed when T cells were repeatedly stimulated with immobilized anti-CD3 or anti-CD28 antibody alone ( Figures S6A and S6B ), confirming the necessity of two signals for these two nuclear proteins' expression, as also noted for the classic surface exhaustion markers above ( Figures 1C and S4) . If H3-K27 trimethylation and IL-2 failure result from obligatory cooperation of YY1 and Ezh2 during exhaustion, it follows that blocking YY1 or Ezh2 should be equally preventative. To examine this possibility, we maintained a small molecule Ezh2 inhibitor in the activation cultures or we transduced T cells with short hairpin RNA (shRNA) to knock down YY1 expression. As anticipated, both approaches suppressed H3-K27 trimethylation of the IL-2 promoter by western blotting ( Figure 2D ; Ezh2 inhibitor) and by chromatin immunoprecipitation (ChIP)/qPCR ( Figure 2E ; YY1 shRNA and Ezh2 inhibitor). Confirming the hypothesized suppressive effect of histone trimethylation, T cells continuously blocked for H3-K27 trimethylation with Ezh2 inhibitor sustained IL-2 at high levels throughout, exceeding that of control T cells by a factor of >40 after the fourth stimulation ( Figure 2F ).
In a separate test using YY1 antisense shRNA ( Figure 2G ), T cells underwent two control stimulations, releasing $1500 pg/mL IL-2 after each stimulation, and then on day 4, just before a third stimulation, were either transduced with shRNA plasmid or control plasmid or were left untransduced. In contrast to Ezh2 inhibition, which was continuous through the experiment, YY1 inhibition was applied as a transient system because the delivered plasmid that generates shRNA is not stably retained and expressed in the T cells. IL-2 secretion was fully exhausted after the second stimulation, now releasing only 35 pg/mL following a third stimulation. In contrast, the same twice-stimulated exhausted T cells treated with YY1 shRNA had 30-fold higher IL-2 levels after the third stimulation, in excess of 1,000 pg/mL. In a further repeat of the assay, using now the control thrice-stimulated exhausted T cells that previously released just 35 pg/mL IL-2, a fourth stimulation was performed. This yielded 15 pg/mL IL-2 for control but 350 pg/mL from the same exhausted T cells pretreated with YY1 shRNA, yielding a >20-fold IL-2 increase. YY1 was effectively suppressed when assayed 2 days after shRNA plasmid exposure (Figure 2G inset) ; shorter times were not evaluated.
These YY1 shRNA tests allow a key conclusion, i.e., IL-2 failure can be reversed by our interventions rather than merely prevented. This ability to reverse IL-2 exhaustion implies a need for continuously effective histone trimethylation for continued IL-2 suppression, marking ''exhaustion'' itself as an active, energyrequiring process rather than simply a depleted state.
The YY1-shRNA-rescued IL-2 levels after the fourth stimulation (350 pg/mL) were less complete than after the third stimulation (>1000 pg/mL) ( Figure 2G ). This outcome would be consistent with higher YY1 mRNA and protein levels at the fourth stimulation ( Figures 2B and 4B ) and higher degrees of histone modification that require longer times to reverse than under our 2-day test condition. This hypothesis was not further investigated.
The presumed physical association of YY1 and Ezh2 to mediate IL-2 suppression was confirmed by co-immunoprecipitation assays using extract from T cells under exhaustion conditions (Figures 2H and S7) . These results thus support a model of T cell exhaustion in which the IL-2 promoter binds YY1, YY1 recruits Ezh2, Ezh2 trimethylates chromatin, and IL-2 transcription is repressed ( Figure 2I ). As a key control in this effort, Ezh2 inhibition did not reverse the IFN-g loss that follows repeated T cell stimulation ( Figure S8 ). YY1 was previously shown to disrupt transcription of this type I cytokine by a distinct, non-Ezh2-dependent mechanism from what we newly describe for IL-2, i.e., by sterically blocking AP1 binding via an overlapping YY1-binding site, in which AP1 is a prime activator of IFN-g transcription (Ye et al., 1996) .
YY1 Upregulates Exhaustion Markers
The simultaneous rise of Ezh2 along with PD1, Lag3, and Tim3 suggests coordinate regulation of these genes by YY1 as well. Searching the TRANSFAC database (Biobase), PD1 and Lag3 promoters were found to contain consensus binding sites for YY1 (Figures S9A and S9B) , whereas Tim3 and Ezh2 lacked such sites (data not shown).
We examined the PD1 and Lag3 genes for regulation by YY1. Gel shift assay confirmed that YY1 binds specifically to the consensus sites present in PD1 and Lag3 promoters ( Figures 3A and 3B ). Reporter gene assays showed increased transcription with repeat T cell stimulations that was abrogated by mutation of the YY1-binding sites, confirming that PD1 and Lag3 genes are positively regulated by YY1 ( Figures 3C  and 3D ). Finally, knockdown of YY1 in repeatedly stimulated cells markedly reduced not only PD1 and Lag3, as predicted, but also Tim3 ( Figures 3E and 3F ), suggesting that YY1 regulates Tim3 as well but by indirect means. The Tim3 promoter carries a binding site for GATA3 ( Figure S9C ), which is known to bind YY1 to enhance transcriptional activity in the absence of a separate YY1-binding site (Hwang et al., 2013) , again supporting the centrality of YY1 to broad elements of the exhaustion process as studied here in vitro. Knockdown of YY1 had no impact on Ezh2 levels (not shown), implying that Ezh2 regulation is through an independent mechanism that parallels rather than depends on YY1. 
cJun/ATF2 Upregulates YY1
We next sought to understand the connection between T cell activation and exhaustion, specifically, what precedes YY1 upregulation. Examination of the YY1 promoter revealed an octameric palindrome cyclic adenosine monophosphate (cAMP) response element (CRE) (TGACGTCA) for binding the cJun/ATF2 transcription factor complex (van Dam and Castellazzi, 2001 ) ( Figures 4A and S9D ) ( Figure S9E summarizes the relevant TF binding sites in this report). Repeated stimulation yielded increased YY1 mRNA and protein levels ( Figure 4B ) as above (Figures 2A-2C) . A YY1 reporter assay showed progressively increased activity (D) Western blot shows increased phospho-cJun and phospho-ATF2 in CD4 T cells after re-stimulation. Total cJun and ATF2 levels unchanged.
(E) Native gel analysis shows increased phospho-cJun dimer formation with restimulation and loss of monomer detected by specific antibodies.
(F) Electrophoretic mobility shift assay (EMSA) confirms binding of phospho-cJun and phospho-ATF2 to site on YY1 promoter. YY1 probe was mixed with nuclear extract from four times stimulated CD8 T cells and incubated with antibody to phospho-cJun or phospho-ATF2 before gel loading. Bottom panel: western blot developed after species-specific secondary antibody to detect primary antibodies bound to the probe.
with repeat T cell stimulation that was abrogated upon mutating the CRE site ( Figure 4C ), thus confirming the essential role of cJun/ATF2 binding.
To stimulate transcription, non-phosphorylated cJun and ATF2 that predominate in resting state undergo conversion to their transcriptionally active phospho forms (Smeal et al., 1992) as seen on repeat stimulation in our system ( Figure 4D ). cJun and ATF2 exist as homodimers and as cJun-ATF2 heterodimers, where the latter may be more commonly recruited for promoter binding and activation (Hayakawa et al., 2004) . With repeated stimulations in the T cells, the majority of phospho-cJun was confirmed as dimers on native gels ( Figure 4E ). Furthermore, dimer was seen to bind to YY1 probe on gel shift assay ( Figure 4F , lanes 2-4), which was confirmed by antibody staining to contain phospho-cJun (lane 3) and phosph-ATF2 (lane 4). Taken together, these data confirm that phospho-cJun/ATF2 dimer physically binds to the CRE locus to upregulate YY1 expression in chronically stimulated T cells.
p38MAPK/JNK Pathway Phosphorylates cJun/ATF2
We then sought to define the upstream elements that precede cJun/ATF2 transcription factor phosphorylation and activation. The p38MAPK/JNK2 stress signaling pathway has a complex array of activities that are cell and context dependent, initiated in the current context by the combination of TCR/CD3 and CD28 signaling (Davis, 2000) . Here, we hypothesize a model that this prominent pathway, upon persistent stimulation, leads to cJun and ATF2 phosphorylation, YY1 promoter activation, and ensuing T cell exhaustion ( Figure 5A ). co-stimulation complements TCR stimulation by activating and integrating serine-threonine kinase AKT with MEKK kinase (Kane et al., 2001) to phosphorylate MKK3/6 and MKK4/7. Phoshpho-MKK3 (Ser189) /MKK6 (Ser207) and phospho-MKK4 (Ser257/Thr261) activate p38 MAPK and the cJun-N-terminal kinase (JNK) pathways, respectively (Kang et al., 2006; Raingeaud et al., 1995) . Phospho-p38 MAPK (Thr180/Tyr182) in turn activates ATF2 and phospho-JNK2 (Thr183/Tyr185) activates the cJun transcription factor (Freshney et al., 1994; Ichijo, 1999) . Phospho-cJun and phospho-ATF2 form heterodimers that bind to the YY1 promoter to initiate transcription.
(B) Western blots show increased phosphorylation of kinases in p38MAPK/JNK pathway with T cell re-stimulation. (C) YY1 is suppressed by inhibitors to p38 and JNK by reporter assay (upper) and by western blot (lower). Three replicates per assay; representative of three experiments. *p < 0.05. To test the explanatory value of our model ( Figure 5A ), we examined lysates from T cells persistently activated in vitro to analyze phospho-p38a (Tyr323) (alternative p38 activation pathway), phospho-
, and phospho-ZAP70 (Tyr319) . Upon repeated stimulation, these kinases underwent a progressive increase in phosphorylation ( Figure 5B ).
To probe the relation of this pathway to YY1 expression, we employed selective inhibitors that block phosphorylation of JNK, p38MAPK, and MEK1 ( Figure S10A ), with the last of these included as a non-pathway control. YY1 luciferase reporter showed high transcriptional activity after four stimulations, which was suppressed by inhibitors to p38MAPK or JNK, confirming their roles in YY1 transcription, with no impact from MEK1 inhibitor, confirming that the MEK1 pathway is not involved ( Figure 5C upper). These inhibitor tests also showed markedly reduced YY1 protein in the same cells ( Figure 5C lower).
These data are consistent with a pathway beginning at the membrane with two-signal T cell stimulation to p38MAPK/JNK activation to phosphorylation of ATF2/cJun in the cytoplasm with nuclear translocation and then activation of YY1 transcription, which in turns directs the exhaustion phenotype that ensues. The total YY1-centered circuit from T cell activation to exhaustion as revealed by these studies is depicted graphically in Figure S11 .
As noted, Ezh2 exhibits similar expression kinetics to YY1 with T cell restimulation, but its promoter lacks YY1-binding sites. However, a cJun-binding site was identified (TGAATCA; Figure S9E ). We speculate that the JNK pathway through cJun homodimerization or heterodimerization with other molecules could be regulating Ezh2 expression. This would put YY1 and Ezh2 regulation under the same signaling pathway. This was not investigated further.
Restimulation Induces Functional Exhaustion
Conventional markers of T cell exhaustion (e.g., checkpoint receptor expression, cytokine loss) are indicators or mediators: the key functional outcome of exhaustion is its adverse impact on killing of pathogenic targets, i.e., tumor or virus-infected cells. Our in vitro model successfully recapitulates the markers of in vivo exhausted T cells, but it cannot directly address cytotoxic activities without antigenic targeting. In this section, we extend our analysis via a related functional model that allows antigen selection as well as control of the number of signals involved. We then further apply this model to dissect the contributions of the separate cytokine and checkpoint axes of exhaustion.
We previously created chimeric antigen receptor (CAR)-modified T cells with one or two signals that enable a direct assay of killing against cells expressing carcinoembryonic antigen (CEA) ( Figure 6A ) (Emtage et al., 2008) . We incubated the CAR-T cells with an excess of CEA+ tumor cells and followed the T cells for exhaustion marker responses. PD1 and Lag3 progressively increased in the CAR-T fraction ($50%), but only with the construct generating two signals ( Figures 6B and 6C ), paralleling our results in restimulated normal unmodified T cells ( Figures 1C and S4 ). (All subsequent data pertain to signal 1 + 2 [second generation] CAR-T.) As previously determined (Emtage et al., 2008) and as also reproduced in normal unmodified T cells above, there was a high initial secretion of IL-2 via signal 1 + 2 by CAR-T on CEA+ targets that declined with subsequent tumor cell exposures ( Figure 6D ). Finally, referencing cytotoxicity as the ultimate functional outcome, killing was robust with the first CAR-T exposure to tumor, but then declined with subsequent exposures, compatible with T cell functional exhaustion ( Figure 6E ). Our in vitro restimulation model is therefore confirmed by this final functional criterion as replicating in vivo T cell exhaustion responses.
To assess selectively the contributions of IL-2 failure versus checkpoint receptor action in the functional decline of exhausted T cells, we asked if blocking Ezh2 or checkpoint receptor PD1 could restore the cytotoxic potency of the exhausted T cells. Because Ezh2 inhibition appears only to reverse IL-2 suppression with no impact on other aspects of the exhaustion phenotype, any activity of the checkpoint receptors to mediate this exhaustion could continue uninterrupted. Specifically, the MIPCEA cell line is strongly PDL1+ ( Figure S12 ) with the potential to continue to drive exhaustion if the PD1-PDL1 axis were the prime regulator of exhaustion.
As expected from the normal T cell results ( Figure 2F ), CAR-T cells treated with Ezh2 inhibitor sustained their antigen-specific IL-2 production under exhaustion-promoting conditions ( Figure 6F ). The CAR-T cells in the presence or absence of Ezh2 inhibitor performed robust killing against antigenic targets equally during the first co-culture with tumor cells (compare Figure 6G with Figure 6E ), whereas only Ezh2-inhibitor-treated CAR-T cells maintained efficient killing with each subsequent exposure for a net 5-fold benefit by the third co-culture ( Figure 6H ). An anti-IL-2-neutralizing antibody applied to the Ezh2 inhibitor group successfully blocked 60%-70% of the restored killing activity, confirming that the benefit of Ezh2 inhibitor was from sustained IL-2 ( Figures 6G and 6H) .
A trivial reason for loss of cytotoxic function would be death of T cells in the IL-2-deficient cultures. Accordingly, we monitored the viability of the T cells in Figure 6H by trypan blue and propidium iodide staining in flow cytometry. Values after the third co-culture with MIPCEA revealed preserved CAR-T cell viability (74%-79%) across all tests: (1) control, exhausted cells (IL-2 suppressed); (2) experimental, Ezh2 inhibitor (abundant IL-2); and (3) control, Ezh2 inhibitor + anti-IL-2 Ab (IL-2 blocked). Stimulation with two signals is known to render T cells resistant to short-term IL-2 withdrawal via Bcl-xl upregulation (Boise et al., 1995) , and this is the likely reason for preserved viability in the IL-2-deficient cultures (1 and 3). Although the presence or absence of IL-2 did not affect the viability in these tests, the absence of IL-2 with repeated two-signal stimulation appeared to engender cytotoxic exhaustion. Although IL-2 has been considered important for survival of activated T cells (Emtage et al., 2008) , this result emphasizes a second, non-survival action of IL-2 to support T cell cytotoxic functions.
In other tests, we performed blocking of the PD1-PDL1 axis with anti-PD1 antibody, nivolumab. In line with nivolumab's action to oppose exhaustion in human cancer therapies with major anti-tumor benefits (Rajan et al., 2016) , nivolumab partially rescued the loss of T cell cytotoxic potency during repeated exposures of CAR-T cells to tumor, but to a lesser degree than Ezh2 inhibition (30% rescue by nivolumab versus 100% rescue by Ezh2 inhibitor in third co-culture; Figures S13A and S13D ). This result could suggest that IL-2 failure may be of even greater importance than PD1-PDL1 signaling to functional suppression under some exhaustion conditions. Nivolumab interrupts the action of PD1 to upregulate phosphatases that inhibit TCR activation (Freeman et al., 2000) by a non-IL-2-dependent mechanism. Nivolumab-treated CAR-T cells experienced the same IL-2 loss as control T cells, indicating that restoring IL-2 is not part of how nivolumab acts ( Figure S13E ).
In Vivo Markers of Exhaustion in Cancer and HIV
T cells reactive to melanoma antigen Melan-A/MART1 commonly infiltrate tumor sites (i.e., tumor-infiltrating lymphocytes [TILs]) but are functionally exhausted, as evidenced by loss of type I cytokines; expression of genes associated with exhaustion, including PD1; and lack of tumor cell killing (Baitsch et al., 2011) . We examined 15 human melanoma samples and 10 normal skin biopsies and confirmed that the majority of TILs were exhausted per PD1 positivity, whereas normal skin T cells were negative ( Figure 7A ). We then assayed these tissues for the novel features revealed in our in vitro exhaustion system. Staining confirmed elevated phospho-cJun (Ser63/73) protein in the TILs, indicating activation of the p38MAPK/JNK pathway and a broad YY1 positivity ( Figures 7B and 7C ). YY1-cofactor Ezh2 was also elevated ( Figure 7D ). Resident CD3+ T cells in normal skin were negative for all exhaustion markers. These in vivo data on exhausted T cells thus replicate and validate the key novel findings derived from our in vitro modeling: activation of p38MAPK/ JNK pathway in TILs drives YY1 expression, which in turn upregulates PD1 and mediates the other diverse aspects of the exhaustion phenotype ( Figure S11 ).
As a further test of the breadth of the model for exhaustion regulation, we examined T cells from an infectious disease setting. T cell exhaustion was first recognized in infections rather than cancer, specifically in experimental lymphocytic choriomeningitis virus (LCMV) infections in mice, and later in chronic infections in humans, including HIV (Barber et al., 2006; Wherry, 2011) . Similar to melanoma, PD1 expression on CD4 and CD8 T cells in untreated HIV infection has been associated with functional exhaustion, with higher fractions of PD1+ CD4 cells correlating with higher viral load and low CD4 counts (Day et al., 2006; GrabmeierPfistershammer et al., 2011) . Furthermore, the PD1+ CD4 T cell subset, which is restrained from activation and proliferation by exhaustion, has been favored as a reservoir for latent HIV in patients on antiretroviral therapy (Hatano et al., 2013) . We analyzed CD4 T cells by flow cytometry from n = 10 chronically infected and untreated patients with HIV and an equal number of healthy donors ( Figures 8A and 8B ). These tests confirm that the PD1+ populations are shifted toward YY1 expression and Ezh2 expression in HIV+ subjects ( Figure 8C ), in parallel with our findings with the in vitro exhaustion model (Figures 2A-2C ) and the in vivo melanoma tests ( Figure 7 ) and also in the smaller fraction of PD1+ CD4 T cells in normals ( Figure 8C ).
DISCUSSION
In the recent decade, T cell exhaustion has come to be recognized as critically important both in the resistance to virus elimination in chronic infections and in the failure of immune surveillance in cancer. To understand the molecular underpinnings of exhaustion and its regulation, we required an in vitro model that we could manipulate to dissect the underlying elements. The restimulation model we employed was shown to recapitulate key defining elements that distinguish exhausted T cells from differentiated effector and memory T cells (Wherry, 2011) : a requirement for chronic two-signal stimulation; upregulation of checkpoint receptors PD1, Lag3, and Tim3; downregulation of type 1 cytokines IL-2 and IFN-g; loss of proliferative potential; and cytotoxic failure.
Still, our data are derived from an in vitro model, whereas exhaustion is fundamentally an in-vivo-defined phenomenon. Corroboration was sought in the presence of YY1, Ezh2, and cJun in in vivo exhausted T cells in melanoma and HIV, which is reassuring for the relevance of our findings to human biology. However, more work will be required to firmly link these discoveries to in vivo exhaustion. These in vitro results have provided a vital roadmap to suggest where to look in in vivo systems and how to perturb those systems for this ultimate corroboration, as discussed below.
By the studies in our in vitro T cell exhaustion model, the functionally disparate axes of checkpoint receptor action and cytokine deprivation are unified for the first time under a common mechanistic origin. Our results reveal the previously unknown role of transcription factor Yin Yang-1 to orchestrate diverse elements of exhaustion progression in our in vitro model, displaying both positive and negative regulations as embodied in its name. Persistent two-signal stimulation was shown to be required for the upregulation of YY1, yet the process leading to exhaustion in this model is shown to begin already with the very first interval of T cell activation.
Components of both TCR signal 1 and CD28 signal 2 merge into the p38MAPK/JNK pathway ( Figure S11 ), which leads to phosphorylation of cJun and ATF2 and conversion to their transcriptionally active forms. Phospho-cJun/ATF2 dimers bind to the CRE locus in the YY1 promoter, activating transcription for YY1 accumulation. We noted in every setting that Ezh2 increases in parallel with YY1 but Ezh2 is not regulated by YY1. However, Ezh2, like YY1, contains a cJun site in its promoter that could also be regulated through the same p38MAPK/JNK pathway. This was not investigated further. Increasing YY1 then exerts its dual roles to upregulate checkpoint receptors PD1, Lag3, and Tim3 and to downregulate cytokines IL-2-recruiting Ezh2 for histone trimethylation-and IFN-g, and functional cytotoxic exhaustion ensues.
The novel elements predicted in this study were corroborated in in vivo sample examinations of tumor tissues and blood from normal subjects and patients with HIV. Melanoma TILs were confirmed for PD1 positivity, marking them as exhausted as previously defined (Ahmadzadeh et al., 2009) . Staining showed elevated phospho-cJun that drives transcription of YY1, which in turn drives PD1 expression from our in vitro model. Ezh2 was highly expressed in melanoma TILs in parallel with YY1, potentially also driven by phospho-cJun, as stated above. PD1 positivity in T cells of patients with HIV, also associated with exhaustion Day et al., 2006; Wherry and Kurachi, 2015) , was similarly shown to correlate with YY1 and Ezh2 expression, consistent with our in vitro model and the in vivo findings in melanoma. Exhausted T cells exist in normal settings as a self-protective mechanism and in disease, where it can have a negative impact to hamper effective immune responses. Seemingly, the clinical setting (normal, infection, or cancer) does not differentially affect how exhausted T cells are generated: all work through a continued T cell activation-driven transcription of YY1.
Our studies are solely in humans with uncertain correspondence to mouse systems, which can exhibit important differences (Mestas and Hughes, 2004) . However, clues exist to analogous processes in mice. Search of an RNA-seq database from LCMV chronic infection (http://rstats.immgen.org/Skyline/skyline. html) showed increased T cell YY1 mRNA (61 versus 36 in control) and Ezh2 mRNA (190 versus 36 in control) (Yu et al., 2017) . Inasmuch as this analysis was in bulk CD8 T cells, it would underestimate predicted changes in YY1 and Ezh2 in the PD1+ exhausted virus-specific fractions. The significance of the co-expression of YY1 and Ezh2 and the potential for collaboration was not part of their investigation. Similarly, in a tumor model, upregulation of Ezh2 mRNA was observed in exhausted ova-specific T cells infiltrating B16-ova melanoma tumors (OT-1 TILs) when compared with non-exhausted non-specific T cells (P14 TILs) (Mognol et al., 2017) . Both tumor and control T cells were pre-activated before infusion, and therefore differences in these markers could be underrepresented. No linkage of Ezh2 to a transcription factor was investigated that would direct the Ezh2 action (e.g., YY1).
Finally, Blimp-1 has been proposed to have a role in exhaustion and IL-2 shutdown (Wherry, 2011) based on a Blimp-1-binding site 2 kb from the IL-2 promoter and knockout studies in mice (Martins et al., 2008) . However, this IL-2-repressive role for Blimp-1 was not evaluated by promoter mutation studies as we do here, and the site for Blimp-1 binding is also not conserved in the human IL-2 promoter and therefore cannot be a direct mediator of human IL-2 decline as we show for YY1. Furthermore, any residual effect of Blimp-1 to repress IL-2 in our system was inapparent given that blocking YY1 activity yielded sustained IL-2 production, whatever Blimp-1's contribution. Formally, one cannot exclude the possibility that Blimp-1 has a role in mouse that is distinct from humans and that exhaustion is mediated by different mechanisms between the species. On the other hand, all promoters in which we have shown functional YY1-binding sites in humans are also present in mice, including GATA-3 in mouse Tim3, strongly suggesting that a YY1-centered mechanism will be shown to pertain in mouse T cell exhaustion as well.
A survey of promoters for all 24,135 expressed genes identified 765 or $3% with YY1 binding (Xi et al., 2007) . Notably, of the five genes that we selected in an unbiased fashion a priori for study based on their association with exhaustion (PD1, Lag3, Tim3, IL-2, INF-g), all (5/5) have sites for YY1 binding (or GATA-3 in Tim3 that can mediate YY1 binding). The probability of such an association by chance across all 5 genes is (0.03) 5 = 2.4 3 10 À8 , and if not by chance, the ''purpose'' of the YY1 association with these genes would be compatible with a role for YY1 to coordinately regulate all of these components to mediate T cell exhaustion. The same statistical argument applies to the mouse setting above.
Because we prove that signal 1 + 2 is required for YY1 expression in our exhaustion model, it begs the question as to the source of signal 2 in these settings. In HIV infection, signal 2 could derive from B7.1 (CD80) on monocytes and macrophages that harbor HIV viruses and that also scavenge HIV proteins from plasma (Giguere et al., 2004) . In contrast, B7.1 is typically absent from solid tumors. However, its homolog B7.2 (CD86), also a CD28 ligand, is expressed more widely and was found to be positive on 11/12 specimens of melanoma in the human protein atlas database (http://www.proteinatlas.org/ENSG00000114013-CD86/ cancer); melanoma is the tumor in which human T cell exhaustion is most prominent and well characterized among human cancers (Baitsch et al., 2011) .
We previously showed that repeat two-signal stimulation resulted in IL-2 shutdown and a severely restricted T cell proliferation (Emtage et al., 2008) as anticipated with exhaustion, but the impact on functional killing, the ultimate consequential outcome, was not directly addressed until now. An unanticipated study result was the degree to which IL-2 failure appeared to underlie cytotoxic failure. To ameliorate the adverse functional effects of exhaustion, most current efforts have focused on checkpoint receptor interactions and their interruption. From our analyses, however, it appears possible that IL-2 failure may in some settings contribute even more to functional cytotoxic exhaustion than checkpoint receptors.
If our in vitro results can be confirmed for relevance to human in vivo clinical settings, a number of interventions of therapeutic potential are enabled by these results. Three types of interventions are demonstrated:
(1) those that interrupt Ezh2 activity, with the principle impact on rescuing IL-2 production; (2) those that interrupt checkpoint receptor and ligand interactions, undampening TCR activation; and (3) those that interrupt YY1 action, disrupting both axes for what could be a more complete block of exhaustion. Of these, only checkpoint receptor-ligand interruption was previously known and exploited with important clinical benefits.
YY1 is readily inactivated in therapeutic T cells (TIL and CAR-T) with RNAi, as used here ( Figure 2G ), but not directly by small molecules at this point in time. However, small molecule inhibitors can act at points along the p38MAPK/JNK2 pathway to block YY1 transcription ( Figure 5C ). This rationale is bolstered by the observation that JNK2 knockout mice have heightened proliferation of CD8 T cells in vivo and increased IL-2 production with improved virus control (Dong et al., 2000; Arbour et al., 2002; Conze et al., 2002) . Our data for the first time provide the means to understand this result: by our model ( Figure S11 ), JNK2 knockout would prevent cJun phosphorylation and block YY1 transcription with T cell restimulation, escaping cytokine failure and checkpoint receptor upregulation and thereby avoiding exhaustion for an improved therapeutic outcome.
Ezh2, on the other hand, can be directly inhibited systemically with small molecules that have shown favorable safety profiles in early-stage clinical trials primarily in Ezh2-expressing lymphomas (Ribrag et al., 2014) . Ezh2 could likewise be interrupted with RNAi in engineered therapeutic T cells to avoid the need for continuous drug exposures. Ezh2 has attracted interest as a cancer target because of its overexpression and mutational hyperactivity in some tumors (Kim and Roberts, 2016) . However, such rationales for the directed treatment of malignant tumor cells with Ezh2 inhibitors are conceptually wholly distinct from the rationales emerging from these new discoveries surrounding Ezh2's role as a critical co-factor in immune regulation. Rather, targeting of Ezh2 or YY1 in the current context is solely for the directed treatment of exhausted T cells, irrespective of tumor Ezh2 gene expression, with potentially broad implications for infections as well as cancer.
Exhaustion with IL-2 failure is widely observed in oncology and infectious diseases, prompting the use of systemic IL-2 in melanoma and renal cell cancers (Atkins et al., 2000; Klapper et al., 2008) and in infection models , and as a critical adjunct in TIL and CAR-T therapies (Rosenberg et al., 1988; Lo et al., 2010; Junghans, 2017) . Avoiding IL-2 failure by inhibiting Ezh2 or YY1 could alleviate the need for systemic IL-2 and its associated toxicity and cost. On the other hand, where checkpoint inhibitor therapies have a proven utility, the co-application of Ezh2 inhibitor to maintain endogenous IL-2 would be rational: synergy of exogenous IL-2 with checkpoint blockade was previously shown in infections (West et al., 2013) with high probability of utility for their co-application in cancer as well. Ezh2 inhibitor co-applied with checkpoint antibodies to combat IL-2 failure and checkpoint suppression could be equivalent to blockade of YY1, which coordinates both.
Exhaustion, as revealed by these in vitro studies, is seen to be an integral feature of the T cell immune response that initiates lead elements with the very first T cell activation. Exhaustion is an active, energyrequiring process that depends critically on recurrent stimulation for continued YY1 transcription to achieve and maintain exhaustion's full expression. CD4 and CD8 T cells were highly concordant in their expression of conventional exhaustion markers and in their functional declines of cytokine and cytotoxicity, emphasizing that both T cell arms are restrained by exhaustion for a more complete suppression. Similar to anergy, exhaustion likely evolved to limit anti-self reactions that escaped TCR editing in the thymus. Anergy is conceived via signal-1-only stimulation, whereas exhaustion as defined here is distinguished by its suppressive activity in settings with co-stimulation (signal 1 + 2) that could otherwise elicit robust autoimmune responses (Leavy, 2015) . In pathologic states of malignancy and chronic infection, however, exhaustion is a limiting factor that restrains the full potential of T cells to cure.
The data in this report advance our understanding of the relevance of T cell activation via a p38MAPK/JNK/ YY1 feedback loop to IL-2 shutdown, checkpoint receptor upregulation, and T cell exhaustion, revealing novel points of intervention with potential to improve immunotherapies against chronic infections and metastatic cancers alike. Because the elucidated pathways were developed with in vitro exhausted T cells, additional studies can be considered to reinforce and validate the inferences derived here for in vivo settings. With experimental confirmation that the conserved YY1 sites in mouse also reflect conserved functions to upregulate checkpoint receptors and downregulate type 1 cytokines, animal testing may ensue. Conditional knockdown of YY1 in T cells in LCMV and YY1 antisense engineered into CAR-T in tumor models should show better control of infections and cancer if YY1 is a direct mediator of exhaustion. Finally, if this model is applicable in vivo, the use of checkpoint receptor antibodies to restore function of exhausted T cells in human cancer therapies should be further enhanced with the co-application of Ezh2 inhibitor in human trials, with a net increase in the potency and effectiveness of the intervention, providing both the ultimate validation and clinical benefit of these discoveries.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file. Seattle, WA. Universal precautions were followed while working with the human samples.
SUPPLEMENTAL INFORMATION
Bioinformatics
The IL2 promoter (GenBank and promoter database accession number, NM_000586 and 32233, respectively) and YY1 promoter (GenBank and promoter database accession number, NM_003403 and 12193, respectively) were retrieved using the transcriptional regulatory element database (TRED) (https://cb.utdallas.edu/cgibin/TRED/tred.cgi?process=searchPromForm). The data on transcription factors binding to the consensus binding sequences were obtained through TRANSFAC database (www.generegulation.com). We used the "best selection criteria" for transcription factor binding sites to help minimize false positives.
Reporter plasmids, reporter assays and site directed mutagenesis
A human IL2 promoter luciferase pGL3-NFAT plasmid (-326 to +46 bp) was a gift from Jerry Crabtree (Addgene plasmid #17870) (Clipstone and Crabtree, 1992; Northrop et al., 1994) . The YY1 binding site, 5'-CCCCCATAAT-3', in the IL2 promoter luciferase was mutated to 5'-aaCaaAgAAc-3' using the service of GenScript Inc. (item cat. SC1622). Human YY1 promoter luciferase construct YY1-pGLuc-basic was a kind gift from Dr. Guangchao Sui of Wake Forest
Health Sciences, NC (Balkhi et al., 2012) . The cJun/ATF2 octameric palindrome cyclic AMPresponse element (CRE), 5'-TGACGTCA-3', was mutated to 5'-cGgCaTaA-3' using the service of
The reporter assays and plasmid overexpression were performed in 6 well tissue culture plates. 5x10 6 T cells were transfected with plasmids using Amaxa human T cell nucleofector Kit, cat.
VPA-1002 (Lonza). Transfections were performed using Amaxa nucleofector II device, program no.
T-023/T-020. Luciferase assays were generally performed 48 hours after transfections. We ectopically express the IL2 promoter construct in combination with a renilla lucifearse reporter to serve as an internal control and activity was measured using dual luciferase reporter assay system (Promega, cat. E1910). The YY1 promoter luciferase assay was measured from T cell culture supernatants using BioLux Gaussia lucferase assay kit (New England Biolabs, cat. no. E3300S).
Amounts of transfected plasmids were kept proportionally constant. Samples were assayed for reporter activity using a Gloma 20/20 Luminometer (Promega), essentially using the recommended parameters provided by the reagent suppliers.
Antibodies, shRNA and inhibitors
The following antibodies were used for cell staining: PE-conjugated anti-human CD279 (PD-1) (cat.
12-2799), CD223 (LAG-3) (cat. 12-2239), Tim3 (cat. 12-3109), and CD3-PECyanine7 (cat. 25003182), all of which were purchased from eBioscience, and FITC-conjugated anti-human CD8
(Invitrogen) and CD4 (BD Biosciences, cat. 340133). Pacific Blue-conjugated PD1 (cat. 329920), PE-conjugated PD-L1 (cat. 329705) and purified PD-L1 (cat. 329702) was purchased from
BioLegend. In addition, PE-conjugated (cat. 555783, Pharmingen) was used as an isotype control.
T cell apoptosis was detected through flow cytometric analysis using the FITC Annexin V apoptosis detection kit I (BD Pharmingen, cat. 556547) in conjunction with the vital dye, propidium iodide (BD Pharmingen, cat. 51-66211E). In addition, following antibodies were used in westerns, phospho- In experiments using p38MAPK, JNK, MEK1 and Ezh2 inhibitors, cells were grown in the continued presence of inhibitors. After each wash and activation step, cells were treated with a fresh batch of inhibitors. The following inhibitors were used: MAPKp38-SB202190 (10μmol/ml) (Sigma, cat. S7067), JNK-SP600125 (10μmol/ml) (Sigma, cat. S5567), MEK1-PD98059 (5μmol/ml) (Calbiochem, cat. 513001), MEK1/2-inhibitor III (5μmol/ml) (Calbiochem, cat.
444966) and Ezh2-UNC999 (10 nmol) (Millipore, cat. 505052). DMSO was used as a mock treatment. The specificity of p38MAPK, JNK and MEK1 inhibitors to block the downstream kinases, phospho-ATF2, phospho-cJun and phospho-ERK, respectively, was confirmed by westerns ( Figure S10A ). The continued presence of p38MAPK/JNK/MEK1 inhibitors in T cell culture did not produce noticeable toxicity ( Figure S10B ).
Westerns, Native gels and Co-immunoprecipitations
For denaturing westerns, 20−40 µg of protein extracted from T cells was used. RIPA lysis buffer (Sigma, cat. R0278) was used to prepare whole cell extracts. For native gel analysis, cells were lysed in native lysis buffer (50mM Tris-Cl, pH 8.0; 1% NP40; 150mM NaCl, 100μg leupeptin, 1mM PMSF, 5mM orthovanadate). For both native and denaturating conditions, samples were resolved on 4-15% TGX precast gels (Bio-Rad, cat. 456-1084) with the difference in running buffer. Native samples were run without SDS. Generally, 10μg of protein extract dissolved in 2x
Native PAGE sample buffer (Bio-Rad, cat. 161-0738) was run on the gel following the 4 procedures described previously (Balkhi et al., 2010 
Chromatin immunoprecipitation and Electrophoretic mobility shift assay (EMSA)
Chromatin immunoprecipitation assay. The ChIP assay was performed using a ChIP-IT high sensitivity kit (Active Motif, cat. 53040), following the manufacturer's recommended protocol.
Human CD4+ T cells were repeatedly activated with CD3/CD28 beads in the continued presence of Ezh2 inhibitor or transfected with YY1 shRNA and a control after 2 nd stimulation.
Approximately, 15μg of chromatin was used in each reaction with an antibody that specifically recognizes H3K27me3 (Active Motif, cat. 39155). Fold enrichment was calculated relative to IgG and input. We used the primer pair that amplifies the IL2 promoter sequence containing the YY1 binding site:
EMSA was performed using LightShift chemiluminescent EMSA kit (Thermo Scientific, cat. 20148). We followed the manufacturer's procedure to perform the assay. The primer duplex containing the cJun/ATF2 octameric palindrome cyclic AMP-response element (CRE) present on the YY1 promoter was modified with biotin at the 5' end. We used the following primer duplex:
In addition, we used a non-specific biotin modified probe provided by the manufacturer. We used 10μg of nuclear extract obtained from the activated T cells in the binding reaction. All the reaction components, phospho-cJun and ATF2 were added in the order recommended by the manufacturer.
Gels were run in 0.5X TBE using 4-15% precast polyacrylamide gels, subsequently gels were transferred onto a positively charged nylon membrane (Hybond-N+, Amersham pharmacia biotech) in 0.5X TBE. After the transfer membrane was crosslink for 10-15 minutes using UV transilluminator (Fisher Scientific). Protein binding to the biotin-labeled DNA was detected through chemiluminescence method as described by the manufacturer. To detect phospho-cJun and phospho-ATF2 binding to the probe, we incubated membrane first with secondary rabbit HRP antibody. The same membrane was stripped and reprobed with secondary mouse HRP. DNA oligonucleotides were acquired from Sigma. Each time EMSA was performed, we included a complete set of three control reactions provided by the supplier.
Immunohistochemistry and immunofluorescence
Formalin-fixed paraffin tissue samples of human metastatic melanoma were cut at 4 µm sections and placed on positively-charged slides. Slides were subsequently incubated in a 60 o C oven for 1 hour, cooled, and deparaffinized. Rehydration of slides was performed in graded ethanol solutions. Antigen retrieval was performed by the Heat-Induced Epitope Retrieval procedure. In this procedure slides were first placed in a IX solution of Target Retrieval Solution (Dako, pH 6) for 25 min at 96˚C using a vegetable steamer (Black and Decker) and cooled for 20 min. Endogenous peroxidase was blocked by incubating the slides in 3% hydrogen peroxide aqueous solution and 10% goat serum. Sections were then sequentially stained, first with mouse anti-CD3 (Santa Cruz, sc-1239) for 60 min. then with HRP goat anti-mouse polymer ELISA assays were performed using human IL2 and IFNγ Ready-SET-Go kits (eBioscience). We included three replicates for each experimental set and each experiment was repeated three or more times. ELISA was performed on the supernatant saved from each stimulation step. CD4+ or CD8+ T cells were stimulated with anti-CD3/CD28 beads and cultured for 48 hours, after which cells were spun down and supernatants carefully removed and saved at -20 o C. The same procedure was followed for the rest of the stimulation steps.
Cell culture and Flow cytometry
Human T cell isolation and culture in vitro. CD4+ and CD8+ T cells were enriched from peripheral blood mononuclear cells obtained from healthy donors. We received leukoreduction filters from Boston Children's Hospital that were processed using histopaque (Sigma) cushions to separate PBMCs. Human CD8+ and CD4+ cells were enriched using naïve CD8 and CD4 T cell enrichment cocktail (BD Biosciences, cat. 51-900481 and 9002314, respectively). Approximately, 1x10 6 T cells were initially plated in 24 well plates suspended in AIM-V medium (Life Technologies, cat. 12055-083), 5% heat inactivated human serum (Sigma, cat. F4135) without IL2 unless stated. IL2 when included in the growth medium was used at concentration of 300IU/ml (Chiron). Cells were stimulated the same day with T-Activator CD3/CD28 dynabeads (Life Technologies, cat. 11131D) following the manufacturer's recommendations. 48 hours after the first stimulation, cells were counted and washed, and beads were removed using a magnet. This was followed by a second, third and fourth round of stimulations with fresh batches of CD3/CD28 beads. In each stimulation step, the amount of beads used and the number of viable cells activated were kept proportionally equal. In the experiments requiring selective activations with anti-CD3 or anti-CD28 antibody alone, we used immobilized anti-OKT3 or anti-CD28 antibodies at a concentration of 1μg/ml. 
CEA-CAR T cells and retroviral transduction
To produce second generation CEA-CAR T cells, T cells are modified by retroviral gene therapy to express a single chain antibody domain (sFv) that recognizes CEA tumor antigen. This anti-CEA binding domain is fused together with the full length sequence of CD28 co-stimulatory molecule and sequences of the ζ signaling chain of the CD3 complex (signal 1+2) ( Figure 6A ) (Nolan et al., 1999) . The clinical grade CEA-CAR vector producing cells have been sucessfully tested in a number of in vitro studies as well as in a clinical setting to modify T cells for breast cancer clinical trials . The first generation CEA-CAR contains anti-CEA binding domain fused with ζ signaling chain (signal 1) (Nolan et al., 1999) . Transduction of T cells with anti CEA-CAR vector were as previously described (Beaudoin et al., 2008) .
MIP101 and MIPCEA, tumor cell coculture with CEA-CAR modified T cells. MIP101 is a CEA-undifferentiated human carcinoma cell line derived from liver metastases of colonic adenocarcinoma patients. The MIPCEA cell line was generated by stably expressing the full length CEA gene in MIP101 cells (Thomas et al., 1995) . All cell lines tested negative for mycoplasma contamination using mycoplasma detection kit (Sigma, cat. 
Statistical analysis
Data are presented as averages ± SD. Student's t-test was applied to perform pair-wise comparisons between different treatment groups or between control and treatment groups. P values less than 0.05 were considered statistically significant. Figure 2 ). Whole cell extracts were prepared after 4 th stimulation of T cells and subjected to immunoprecipitation using anti-YY1 antibody followed by westerns with Ezh2. The same blot was reprobed with YY1 to demonstrate its precipitation. phospho-ATF2, phospho-cJun and Phopho-ERK1/2, respectively, which are all substantially below control levels (compare with Figure 4D ). (B) Viability by Annexin V staining. As a control on nonspecific toxicity, CD8+ T cells in (A) were stained with Annexin V after the 4 th stimulation and analyzed by FACS for cellular apoptosis. Viability of >80% was maintained in all cultures. (E) IL2 ELISA shows high initial IL2 production in MIPCEA/CAR-T cell cocultures in presence or absence of nivolumab that declined in parallel when CAR T cells were re-exposed to second and third batches of target tumor cells.
Figure S7. YY1 interacts with Ezh2 in exhausted T cells, (Related to
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